Abstract Triacylglycerols (triglycerides) (TGs) are the major storage molecules of metabolic energy and FAs in most living organisms. Excessive accumulation of TGs, however, is associated with human diseases, such as obesity, diabetes mellitus, and steatohepatitis. The final and the only committed step in the biosynthesis of TGs is catalyzed by acylCoA:diacylglycerol acyltransferase (DGAT) enzymes. The genes encoding two DGAT enzymes, DGAT1 and DGAT2, were identified in the past decade, and the use of molecular tools, including mice deficient in either enzyme, has shed light on their functions. Although DGAT enzymes are involved in TG synthesis, they have distinct protein sequences and differ in their biochemical, cellular, and physiological functions. Both enzymes may be useful as therapeutic targets for diseases. Here we review the current knowledge of DGAT enzymes, focusing on new advances since the cloning of their genes, including possible roles in human health and diseases.-Yen, C-L. E., S. J. Stone, S. Koliwad, C. Harris, and R. V. Farese, Jr. DGAT enzymes and triacylglycerol biosynthesis. J. Lipid Res. 2008. 49: 2283-2301.
Triacylglycerols (triglycerides) (TGs), a major type of neutral lipid, are a heterogeneous group of molecules with a glycerol backbone and three FAs attached by ester bonds. The physical and chemical properties of TG differ based on chain length and the degree to which their FAs are desaturated. TGs serve multiple important functions in living organisms. Chief among these, they are the major storage molecules of FA for energy utilization and the synthesis of membrane lipids. Because they are highly reduced and anhydrous, TGs store 6-fold more energy than the same amount of hydrated glycogen (1) . In plants, TGs are a major component of seed oils, which are valuable resources for dietary consumption and industrial uses. TG from plants and microorganisms can also be used for biofuels. In animals, energy stores of TG are concentrated primarily in adipocytes, although TGs are also found prominently in myocytes, hepatocytes, enterocytes, and mammary epithelial cells. In addition to energy storage, TG synthesis in cells may protect them from the potentially toxic effects of excess FA. In the enterocytes and hepatocytes of most mammals, TGs are synthesized for the assembly and secretion of lipoproteins, which transport dietary and endogenously synthesized FA between tissues. Also, TGs in secreted lipids acts as a component of the skinʼs surface water barrier, and collections of TG in adipose tissue provide insulation for organisms.
Although TGs are essential for normal physiology, the excessive accumulation of TG in human adipose tissue results in obesity and, in nonadipose tissues, is associated with organ dysfunction. For example, excessive TG deposition in skeletal muscle and the liver is associated with insulin resistance, in the liver with nonalcoholic steatohepatitis, and in the heart with cardiomyopathy (2, 3) . Owing to worldwide increases in the prevalence of obesity and other diseases of excessive TG accumulation, an understanding of the basic processes that govern TG synthesis and storage is of considerable biomedical importance.
Two major pathways for TG biosynthesis, elucidated in the 1950s and 1960s, are known: the glycerol phosphate or Kennedy pathway (4) and the monoacylglycerol (MG) pathway (Fig. 1A) (for reviews of pathway biochemistry, see Refs. [5] [6] [7] [8] . Both pathways use fatty acyl-CoAs, the "activated" forms of FA synthesized by intracellular acyl-CoA synthases, as acyl donors (9) . The glycerol phosphate pathway is present in most cells. In contrast, the MG pathway is found in specific cell types, such as enterocytes, hepatocytes, and adipocytes, where it may participate in the reesterification of hydrolyzed TG (10) . The MG pathway is the dominant mode of TG synthesis in human small intestine, where TGs are synthesized from components of hydrolyzed dietary fats (11, 12) . In the final reaction of both pathways, a fatty acyl-CoA and diacylglycerol (DG) molecule are covalently joined to form TG. This reaction (Fig. 1B) is catalyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT, E.C. 2.3.1.20) enzymes. TG biosynthesis is believed to occur mainly at the endoplasmic reticulum (ER) (13) . Newly synthesized TGs are thought to be released into the associated lipid bilayer, where they are channeled into cytosolic lipid droplets or, in cells that secrete TG, nascent lipoproteins (Fig. 2 ). The precise mechanism by which TGs are deposited into lipid droplets is unknown. Several models have been proposed (as reviewed in Ref. 14) . Transfer of TG into lipoproteins involves the cotranslational addition of lipids to apolipoprotein B (apoB) in a process catalyzed by the microsomal triglyceride transfer protein (MTP) (as reviewed in Refs. [15] [16] [17] .
DGAT activity was first reported in 1956 (13, 18) . Although there was much interest subsequently in the biochemistry of TG synthesis, the purification of a DGAT proved to be difficult. Only in the last decade have DGAT genes been cloned, and the molecular tools for studying TG synthesis become available. At least two DGAT enzymes exist in a wide variety of eukaryotes. Interestingly, these two DGAT enzymes are not similar at the level of DNA or protein sequences. In this review, we summarize progress over the past decade in understanding these two key enzymes of TG synthesis.
DGAT1 AND DGAT2: DISTINCT GENE FAMILIES

DGAT1
The genes encoding murine and human DGAT1 were identified by their similarity to the sequences of acylCoA:cholesterol acyltransferase (ACAT) enzymes ( Fig. 3 ) (19) (20) (21) (22) (23) (24) and were shown in 1998 to encode proteins that possess DGAT activity (22) . Since then, orthologs have been identified in many species of eukaryotes, including yeast, fungi, plants, and invertebrates. In humans, the DGAT1 gene comprises 17 exons and spans 10.62 kb on chromosome 8 ( Table 1) . In most species, the gene encodes a protein of about 500 amino acids with a calculated molecular mass of ?55 kDa (Fig. 4) . DGAT1 expressed in insect or mammalian cells migrates faster than predicted (?50 kDa) on SDS-PAGE (22, 25) . Within species, DGAT1 protein sequences share 15-25% identity, mostly in the C termini, with those of ACAT1 and ACAT2 (22) . A motif conserved between DGAT1 and ACATs (FYXDWWN; amino acids 360-366 of human DGAT1) has been implicated in binding fatty acyl-CoA, a common substrate for the enzymes (26) . However, experimental evidence suggests that the fatty acyl-CoA binding domain is at the N terminus, because a fragment contain- are the end-product of a multi-step pathway. DGAT1 or DGAT2 catalyzes the final reaction. B: DGAT enzymes catalyze the formation of an ester linkage between a fatty acyl CoA and the free hydroxyl group of diacylglycerol. The model shows this reaction occurring at the surface of the endoplasmic reticulum (ER) bilayer membrane. GPAT, glycerol-phosphate acyltransferase; AGPAT, acylglycerol-phosphate acyltransferase; PAP, phosphatidic acid phosphohydrolase; MGAT, acyl CoA:monoacylglycerol acyltransferase.
ing the first 116 amino acids of DGAT1 from the rapeseed plant Brassica napus and a fragment of the first 95 amino acids from mouse DGAT1 directly bind fatty acyl-CoA (27, 28) . Animal and plant DGAT1 enzymes share up to 40% amino acid identity, mostly at their C termini. Toward the C-terminal region, DGAT1 also possesses a putative DG binding domain. Both DGATs possess several predicted phosphorylation sites (Fig. 4) . DGAT1, like ACAT enzymes, is part of a large family of membrane-bound O-acyltransferases (MBOAT, National Center for Biotechnology Information (NCBI) Conserved Domains Database accession number: pfam03062; discussed below) (29) (Fig. 3) . Other MBOAT family members catalyze reactions that add fatty acyl chains to proteins (30) (31) (32) (33) . This family of membrane-associated enzymes catalyzes O-acylation reactions, transferring fatty acyl moieties onto the hydroxyl or thiol groups of lipid and protein acceptors, and its members are involved in lipid metabolism, signal transduction, and hormone processing. ACAT enzymes catalyze the joining of cholesterol and fatty acyl-CoA to form cholesterol esters (24) . Other members of the MBOAT family include a protein-cysteine N-palmitoyltransferase (skinny hedgehog, or sightless protein) (32); porcupine, a putative acyltransferase implicated in Wnt processing and signaling (30, 31) ; and an acyltransferase that attaches an essential eight-carbon fatty acyl moiety to ghrelin, a gutderived hormone that regulates appetite (33) . A common feature of the MBOAT family is a long hydrophobic region that contains asparagine and histidine residues of the putative active site (corresponding to amino acids 378 and 415, respectively, of human DGAT1; 389 and 426 of mouse DGAT1) (29, 32) .
DGAT2
The existence of DGAT2 was predicted from the finding that mice lacking DGAT1 have abundant TG in tissues (34) . In 2001, a second DGAT enzyme was purified from the fungus Mortierella ramanniana (35) . This led to the cloning of mammalian DGAT2 and the identification of a seven-member gene family (35, 36) (DAGAT, NCBI Conserved Domain Database accession number: pfam 03982) (Fig. 3) . In addition to DGAT2, this family includes acyl-CoA:monoacylglycerol acyltransferase-1 (MGAT1) (37), MGAT2 (38, 39) , MGAT3 (40) , and wax monoester synthases (41) (42) (43) .
The human DGAT2 gene comprises eight exons and spans 42.03 kb on chromosome 11. It is located ?37.5 kb from the MGAT2 gene. In most species, the gene encodes a protein of 350-400 amino acids (Fig. 4) , and the calculated molecular mass for DGAT2 enzymes ranges from 40 to 44 kDa. DGAT2 is about 50 residues longer at the N terminus than other non-DGAT2 members of the gene family. This region may include domains that confer substrate specificity or provide regulatory functions. DGAT2 and its family members share 40-45% amino acid identity throughout the entire lengths of the proteins. The most conserved regions, probably containing the catalytic domains of the proteins, are found in the C termini (amino acids 200-360 of human and mouse DGAT2; both are composed of 388 amino acids with 95% identity). All DGAT2 Triacylglycerol products of the DGAT reaction may be channeled into the cores of cytosolic lipid droplets or triacylglycerol-rich lipoproteins for secretion in cells such as enterocytes and hepatocytes. Although the model depicts the reaction at the cytosolic surface of the ER, it has been proposed that the reaction may also take place at the luminal surface (see text for discussion). DGAT1 is shown as a homotetramer (59) .
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at PENN STATE UNIVERSITY, on February 21, 2013 www.jlr.org family members, from yeast to human, contain the highly conserved sequence of amino acids HPHG (amino acids 161-164 of mouse DGAT2) (36, 44) , and mutations of this sequence in mouse DGAT2 markedly reduce total DGAT activity in vitro (44) . Thus, these amino acids may be part of the active site of DGAT2, and these findings also suggest a role for histidine as part of the active site, as in acyltransferase enzymes of the MBOAT family (29) .
DGAT2 also contains the consensus sequence (amino acids 80-87; FLXLXXXn, in which n is a nonpolar amino acid), for a neutral lipid binding domain found in a variety of proteins that bind to or metabolize neutral lipids, such as cholesterol ester transfer protein (CETP), hormonesensitive lipase (HSL), lecithin:cholesterol acyltransferase (LCAT), cholesterol 7a-hydroxylase, cholesterol esterase, and TG hydrolase (45, 46) . This domain may be involved in DG binding. Mutations in this region of DGAT2 also markedly reduce in vitro DGAT activity (44) .
BIOCHEMISTRY OF DGAT ENZYMES
Several lines of evidence clearly demonstrate that both DGAT1 and DGAT2 function as DGAT enzymes. First, the overexpression of either DGAT1 or DGAT2 in plant, insect, or mammalian cell lines increased in vitro DGAT activity, generating TG from a variety of fatty acyl-CoA and DG substrates (22, 36) . Second, in intact cells, the overexpression of either enzyme increased de novo synthesis and accumulation of TG (47) (unpublished observations). In addition, tissues from mice deficient in either enzyme exhibited decreased DGAT activities and TG levels (34, 47) .
Because the enzymes have yet to be purified to homogeneity, the enzymology of DGAT1 and DGAT2 has been analyzed using partially purified membrane preparations from cells that overexpress the enzymes. It is unclear whether either enzyme has distinct preferences for fatty acyl-CoA substrates of specific chain length and desaturation. However, in competition assays, DGAT1 preferred a monounsaturated substrate, oleoyl-CoA (18:1), as compared with saturated palmitoyl CoA (16:0) (36). DGAT2 did not exhibit such a preference. The DGAT2 enzyme purified from M. ramanniana showed enhanced DGAT activity toward medium-chain fatty acyl-CoAs (12:0), as compared with long-chain fatty acyl-CoA (18:1) (35) and exhibited higher activities with DGs containing short-and medium-chain fatty acyl moieties (6:0, 8:0, and 10:0) rather than longer chains (12:0, 14:0, 16:0, and 18:0) (35) .
The available data suggest that DGAT2 is a more potent DGAT with a higher affinity for its substrates than DGAT1. In studies performed with enzymes overexpressed in insect cells, the two enzymes had similar maximal rates for TG synthesis in the mid-range (?100 mM) of oleoyl-CoA concentrations. However, DGAT2 tended to be slightly more active at lower oleoyl-CoA concentrations (0-50 mM), and DGAT1 was more active at higher (.100 mM) oleoylCoA concentrations (36) . These data suggest different K m values for fatty acyl-CoAs between the two enzymes, with DGAT2 more active at lower substrate concentrations. Additionally, in rat hepatoma cells, DGAT2 overexpression resulted in considerably more TG accumulation than did DGAT1 overexpression, despite relatively lower in vitro DGAT activity in the DGAT2-overexpressing cells (47) . This observation suggests that DGAT2 may require more optimized assay conditions or an as-yet-unknown cofactor for full activity in vitro. The higher potency of DGAT2 is consistent with results from loss-of-function experiments in model organisms. In yeast, deletion of the DGAT2 ortholog Dga1 showed that it accounts for a major portion of TG synthesis (48, 49) , whereas the DGAT1 orthologs, Are1 and Are2, account for only a minor portion (49) . In mice, DGAT2 deficiency leads to severe reductions of TG (47), whereas DGAT1 deficiency results in only moderate reductions (34) . Little is known about differences in the affinity of DG for the two enzymes, although DGAT2 can utilize endogenous DG associated with membrane preparations to synthesize TG in in vitro assays, whereas DGAT1 appears to be more dependent on added DG (25). DGAT1 and DGAT2 have different sensitivities to magnesium in in vitro assays. High magnesium concentrations (.50 mM) suppress DGAT2; the effect on DGAT1 activity is much less (36) . This characteristic has been exploited to selectively measure DGAT1 activity (36) . Conversely, low levels of magnesium (,20 mM) in the assay appear to enhance the activity of DGAT2 (36) (unpublished observations). The significance of the different magnesium sensitivities is unclear.
DGAT1, but not DGAT2, has additional acyltransferase activities beyond that of esterifying DG in vitro. For example, DGAT1 is a potent acyl-CoA:retinol acyltransferase (ARAT) (25) , which catalyzes the synthesis of retinyl esters from retinol (vitamin A) and fatty acyl-CoA substrates, and might have been named for this activity had it been discovered first. ARAT is one of two enzymes that catalyze the esterification of retinol in mammalian tissues (50) . The other is lecithin:retinol acyltransferase, which accounts for the bulk of retinol ester biosynthesis (51) . Several lines of evidence suggest that DGAT1 functions as an ARAT in vivo. The overexpression of DGAT1 in fibroblast COS-7 cells promotes the accumulation of retinyl esters (25) . Additionally, Dgat1 2/2 mice have markedly reduced ARAT activities in liver, testes, and kidneys and perturbed retinol homeostasis in the liver (25) . DGAT1 accounts for the majority of ARAT activity in differentiated Caco-2 cells, a model of enterocytes (52) . Further, studies of knockout mice lacking LRAT, DGAT1, or both enzymes showed that DGAT1 functions as an intestinal ARAT in vivo and that the ARAT activity of DGAT1 may be important in intestinal absorption of vitamin A, especially when dietary intake is high (53) . DGAT1 mRNA occurs at high levels in hepatic stellate cells (54) , which store large amounts of retinyl esters. Therefore, DGAT1 seems to have ARAT activity in vivo, especially when intracellular unesterified retinol concentrations are high (25, 53, 54) .
DGAT1 also possesses MGAT activity in in vitro assays (25) , suggesting that it can catalyze the sequential esterification of MG with two fatty acyl-CoA moieties to convert MG to TG. This sequence of reactions might be particularly important in tissues in which TGs undergo high levels of hydrolysis and reesterification. In in vitro assays, DGAT1 can also catalyze the synthesis of monoester waxes and diester waxes by using fatty acyl alcohols (with one or two hydroxyl groups) as acyl acceptors (25) . The wax synthase activity of DGAT1 may explain in part the dry (47) . Phosphorylation sites were predicted by PROSEARCH (http://workbench.sdsc.edu/). PKC, PKA, and Tyr represent potential phosphorylation sites for protein kinase C, protein kinase A, and tyrosine kinase, respectively. fur observed in Dgat1 2/2 mice (55). Interestingly, at least two members of the DGAT2 gene family also possess monoester wax synthase activity (41) (42) (43) , highlighting the overlapping functions of the DGAT1 and DGAT2 gene families.
Judging by maximal activities observed when each of the known acyl acceptors (retinol, MG, DG, and fatty acyl alcohols) is provided over a range of concentrations in in vitro assays, DGAT1 exhibits highest activities for DGAT and MGAT reactions, followed by those for monoester wax synthase, ARAT, and diester wax synthase (25) . The apparent K m for each of these acyl acceptors ranges from 15 to 40 mM. Because these substrate concentrations are probably higher than those normally present in tissues, it is likely that DGAT1 activity becomes important when intracellular substrate concentrations are high. High substrate concentrations could also occur from channeling of substrates to DGAT1 via other proteins.
That DGAT1, but not DGAT2, possesses multiple acyltransferase activities is consistent with the apparent evolutionary history of the two enzymes. The DGAT2 ortholog in Saccharomyces cerevisiae, Dga1, plays a major role in TG synthesis (49) , which has apparently been conserved in many species during evolution. In contrast, the DGAT1 orthologs in S. cerevisiae, Are1 and Are2, act primarily as sterol esterification enzymes (56) and play, at most, minor roles in TG synthesis (49) . This suggests that an ancestral gene for the ACAT/DGAT1 gene family evolved to yield enzymes capable of utilizing different substrates as fatty acyl-CoA acceptors and that DGAT1 acquired activity toward substrates with long-chain acyl moieties (i.e., DG) while losing activity for sterols. This evolutionary perspective on the DGAT enzymes predicts that the substrate recognition site of DGAT1 is less discriminating than that of DGAT2, with the former capable of utilizing DG, MG, long-chain alcohols, and retinol as fatty acyl acceptors. A comparison of high-resolution structures of the two DGAT enzymes would allow this prediction to be tested.
TOPOLOGY AND CELLULAR BIOLOGY OF DGAT ENZYMES
DGAT1 and DGAT2 are found mainly in the ER (44, 57) , where enriched DGAT activity is found and TG synthesis occurs. In addition to differences in substrate specificities and affinities (discussed above), DGAT1 and DGAT2 may have different functions because of their topology, protein partners, and subcellular localization.
Little is known about the topology of DGAT1. Like ACAT1 and ACAT2, DGAT1 contains many hydrophobic regions and is predicted to contain multiple transmembrane domains. DGAT1 forms homotetramers, and this may occur via interactions between the N termini of each subunit (58) , similar to ACAT1 (59) . Supporting this model, N-terminal fragments of DGAT1 from the rapeseed plant form multimers and probably face the cytosol, inasmuch as they are sensitive to protease treatment without permeabilizing microsomal membranes (27) . DGAT2 topology is better understood. It is less hydrophobic than DGAT1 and was predicted to have only one or two membrane-spanning domains (35, 36) . Mouse DGAT2 expressed in cells is an integral membrane protein with the N and C termini oriented toward the cytosol (44) . A long hydrophobic region spanning amino acids 66-115 contains either two transmembrane domains or a single hydrophobic domain that is embedded in the membrane bilayer (44) . Most of the protein is on the cytosolic side of the ER, suggesting that its active site is at the surface of the cytosolic leaflet of the ER bilayer.
An unresolved issue is whether one or both DGAT enzymes catalyze TG synthesis on the luminal face of the ER. Several laboratories have reported that two separate DGAT activities are present in hepatic microsomes, an "overt" (cytosolic) activity and a "latent" (luminal) activity that appears after permeabilization (60) (61) (62) . One model suggests that the overt fraction may reflect DGAT activity on the cytoplasmic side of the ER, which catalyzes the synthesis of TG destined for deposition into cytosolic lipid droplets. The latent fraction is DGAT activity within the ER lumen, where TG bound for secretion is synthesized. However, data confirming this model are lacking, and the overt and latent activities appear not to reflect simply those of the two DGAT enzymes. In livers of DGAT1 knockout mice, the absence of DGAT1 causes a marked reduction in both the overt and latent activities (unpublished observations), indicating that DGAT1 may contribute to both activities. On the other hand, DGAT2 topology suggests that it contributes only to the overt activity (44) . Supporting this, studies in hepatoma cells show that niacin selectively inhibits DGAT2 and is more active against the overt activity (63).
DGAT1 and DGAT2 probably interact with different cellular proteins and participate in different pathways of TG synthesis. Loss-of-function studies in yeast and mice indicate that DGAT2 is involved in the bulk of TG synthesis (47) and that it may be closely linked with the pathways of de novo FA biosynthesis. Supporting this conjecture, studies in HeLa cells show that DGAT2 colocalizes with stearoyl-CoA desaturase 1 (SCD1), an ER enzyme catalyzing the mono-unsaturation of FA (64) . These studies also employed immunoprecipitation and fluorescence resonance energy transfer methods to show that DGAT2 and SCD1 physically interact. These findings suggest that DGAT2 is responsible for incorporating endogenously synthesized monounsaturated FA into TG. In contrast, the cumulative evidence suggests that DGAT1 may be involved in esterifying exogenous FA taken up by cells or in a recycling pathway that involves the reesterification of hydrolyzed TG (Fig. 5) . This model requires further testing. An interaction between DGAT1 and SCD1 has not been examined.
The subcellular localization of DGAT1 and DGAT2 appears to be different. Expression of DGAT1 and DGAT2 in the tung tree (Vernicia fordii) in a tobacco cell line showed that each enzyme localized to distinct punctate areas of the ER, suggesting that the enzymes were in different ER subdomains (57) . This is consistent with the hypothesis that DGAT1 and DGAT2 may be part of distinct multiprotein complexes of TG synthesis.
Cytosolic lipid droplets, the primary site of intracellular TG storage, may represent another site for TG synthesis (65) . Human DGAT2, expressed in cultured mammalian cells, localizes in close proximity to the surfaces of lipid droplets (65) . Additionally, Dga1 activity in yeast is enriched in lipid droplet fractions (48) . The long hydrophobic region (amino acids 66-115) of DGAT2 could allow the enzyme to bind directly to the surface of the lipid droplet monolayer and to catalyze TG synthesis at this location. However, this region probably contains two transmembrane domains (44) , and neither DGAT1 nor DGAT2 has been identified in proteomic analyses of isolated lipid droplets (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) . Therefore, instead of being part of the lipid droplets, DGAT2 may reside in the ER bilayer close to the droplets.
TISSUE EXPRESSION OF DGAT ENZYMES
DGAT1 and DGAT2 are expressed in many of the same tissues in mammals. DGAT1 is expressed ubiquitously, with the highest mRNA levels in organs that make large amounts of TG, such as small intestine, liver, adipose tissue, and mammary gland. In humans, the highest mRNA levels were in the small intestine, followed by testis, adipose tissue, thymus, mammary gland, skeletal muscle, heart, spleen, pancreas, and liver (22) . The expression pattern is similar in mice, except that mRNA levels are relatively low in liver (22) .
DGAT2 is expressed in most tissues, especially those that make large amounts of TG (36) . In humans, high levels of DGAT2 mRNA (?2.4 kb and 1.4 kb) were found in liver, adipose tissues, and mammary gland, and lower levels were found in testis, peripheral leukocytes, and heart (36). It is unknown how the two major transcripts in humans differ functionally. In mice, DGAT2 is expressed in a broader range of tissues with less variation in mRNA levels among tissues (36) . The highest levels of mRNA for DGAT2 (?2.0 kb) were found in adipose tissues, followed by liver and many other tissues, including heart, small intestine, skeletal muscle, stomach, kidney, and skin.
REGULATION OF DGAT ENZYMES
Although glycerol-phosphate acyltranserases (GPATs) are believed to catalyze the rate-limiting step for TG biosynthesis (77, 78) , DGAT enzymes may be important in determining the flux of lipids into TG. The DG substrate for the DGAT reaction is also a substrate for phospholipid synthesis, and DGAT activity may divert the flux of DG from phospholipid synthesis toward TG biosynthesis (79) . Although DGAT activity may be primarily determined by substrate availability, the overexpression of DGAT enzymes in cultured cells (47) or in liver (80, 81) , skeletal muscle (82-84), or adipose tissue (85, 86) of mice leads to intracellular TG accumulation. The net accumulation of TG may reflect uncoupling of normally well-regulated TG synthesis and degradation.
Expression of DGAT enzymes is regulated at the mRNA level under specific conditions, although transcription factors regulating DGAT genes have not been studied in detail. Levels of DGAT1 and DGAT2 mRNA increase markedly during the differentiation of NIH 3T3-L1 fibroblasts into adipocytes, corresponding to a large increase in DGAT activity (22, 36, 87, 88) . These findings indicate a robust upregulation of DGAT1 and DGAT2 during adipogenesis and suggest the involvement of C/EBPa or PPARg, transcription factors that control the expression of many genes in adipogenesis. A PPAR binding site occurs in the DGAT1 promoter (89) , and thiazolidinediones, which activate PPARg, increase DGAT1 mRNA levels in adipocyte cell lines and adipose tissues of mice and humans (90) . C/ EBPb and C/EBPa increase the expression of DGAT2 mRNA in adipogenesis (91) . Sterol-regulatory element binding proteins (SREBPs) activate the transcription of lipid synthesis enzymes in adipogenesis, but these transcription factors have not been shown to regulate DGAT1 or DGAT2 gene expression (92) .
The transcription factor X-box binding protein 1 (XBP1), a key regulator of the unfolded protein response, induces expression of lipogenic genes, including DGAT2, in the liver (93) . Overexpression of XBP1 in primary hepatocytes (from either wild-type or XBP1-deficient mice) increased DGAT2 expression, whereas deletion of XBP1 in the liver decreased production of lipids and resulted in hypolipidemia (93) .
In cultured adipocytes, mRNA levels of DGAT enzymes are regulated by insulin and glucose. Supplementing the culture medium for differentiated NIH 3T3-L1 adipocytes with either glucose or insulin stimulated DGAT activity, and the effects of glucose and insulin were additive (87) . DGAT1 mRNA levels were markedly suppressed by glucose starvation and stimulated by glucose administration, indicating that DGAT1 expression is positively regulated by glucose (87) . Also in 3T3-L1 adipocytes, DGAT1 and DGAT2 mRNA levels increased in response to glucose (94) . In contrast, insulin treatment increased DGAT2 mRNA levels but did not affect DGAT1 expression (87) .
In cultured hepatocytes, levels of DGAT1 and DGAT2 mRNA are regulated by the MEK-ERK signaling pathway (95) . Inhibition of this signaling pathway in HepG2 hepatoma cells increased DGAT1 and DGAT2 mRNA levels 2-and 4-fold, respectively, and stimulated VLDL secretion. DGAT activity seems to be inhibited when cells are actively dividing, which may facilitate the flow of FA to phospholipid for membrane biosynthesis instead of TG. Conversely, when cell proliferation is suppressed, DGAT expression might be induced to facilitate storage of excess FA.
In vivo there appears to be a remarkably reciprocal relationship in the physiological regulation of DGAT enzymes. For example, genetic-and chronic diet-induced obesity is associated with increased mRNA levels of DGAT2 but decreased mRNA levels of DGAT1 (87, 96) . Similarly, DGAT2 mRNA levels in both the white adipose tissue (WAT) and liver are decreased by fasting and increased by refeeding, whereas the opposite appears to be the case for DGAT1 (87) (unpublished observations). DGAT2 expression may be regulated coordinately with other enzymes involved in the synthesis and storage of FA in the fed state. Furthermore, DGAT2 mRNA levels may be regulated by leptin. DGAT2 mRNA levels were increased 3-fold in the WAT of DGAT1-deficient ob/ob mice (97) and in the skin of ob/ob mice (55), suggesting that leptin suppresses the expression of DGAT2. In support of this, DGAT2 mRNA levels were increased in the WAT, skeletal muscle, and small intestine of two strains of diabetic mice: leptin receptordeficient db/db and leptin-resistant Agouti strain KK-A y mice (98) . Because leptin deficiency stimulates de novo FA synthesis (99), DGAT2 expression may be coordinately regulated to promote storage of FA as TG.
DGAT mRNA levels have been examined in several other physiological and pathophysiological conditions. For example, DGAT1 mRNA levels are increased in murine skeletal muscle after 2 weeks of swimming (100), and DGAT2 mRNA levels are decreased in skin from patients with psoriasis (98) . In a model of nephrotic syndrome, characterized by overproduction of TG-rich lipoproteins by liver, mRNA levels of DGAT1, but not DGAT2, were increased in rat livers (101) . In rats with chronic renal failure, hepatic levels of DGAT2 mRNA and DGAT activity were diminished (102) .
DGAT enzymes may also be regulated posttranscriptionally. Studies performed decades ago in rat hepatocytes and adipose tissue suggested that DGAT activity can be regulated posttranscriptionally by modulating the phosphorylation state of the enzymes (103) (104) (105) . In these studies, DGAT activity could be inactivated by a cytosolic factor in the presence of ATP and magnesium. Partial purification of an inhibitory factor from adipose tissue suggested that it could be a tyrosine kinase, because it was inhibited by tyrosine kinase inhibitors but not by serine/threonine kinase inhibitors (106) . DGAT1, but not DGAT2, possesses a putative tyrosine phosphorylation site. However, when this site was mutated in human DGAT1 (a T316F mutation) and expressed in cells, no effects on in vitro DGAT activity or TG synthesis were seen (88) . Additional evidence that DGAT activity may be posttranscriptionally regulated comes from observations in 3T3-L1 adipocytes, in which levels of DGAT1 or DGAT2 mRNA are disproportionate to changes in DGAT activity during adipogensis (22, 36, 88) . Allosteric regulation is found in the DGAT1-related ACAT enzymes (107) but has not been demonstrated for either DGAT.
DGAT activity may also be regulated by hormones or nutritional status. Administration of glucagon or epinephrine to rat tissues decreased DGAT activity (103, 108, 109) , and treatment with long-chain FAs increased DGAT activity (110, 111) . It is not known whether these treatments regulate DGAT1 or DGAT2 nor whether they exert their effects at the transcriptional or posttranscriptional level. More recently, treatment of rat hepatocytes with 5-amino-4-imidazolecarboxamide riboside, an activator of AMPactivated kinase (AMPK), had no effect on DGAT activity in rat hepatocytes, although it downregulated GPAT activity (112) . However, DGAT activity in rat liver increased almost 2-fold when fasted animals had been refed for 24 h. This increase was correlated with AMPK activation, prompting speculation that AMPK is involved in coordinating enzymes of FA and glycerolipid metabolism, including DGAT (111) .
PHYSIOLOGICAL FUNCTIONS OF DGAT ENZYMES
Our understanding of the physiologic roles of DGAT enzymes stems largely from studies of genetically modified mice. These studies tested the hypothesis that altering the expression of genes that limit the rate of TG synthesis would have important effects on TG homeostasis and systemic and tissue-specific metabolic processes. Results from several laboratories highlight two emerging themes. First, the distinct biochemistry and regulation of DGAT1 and DGAT2 are reflected in their different physiologic roles in vivo. For DGAT1, in particular, the pleiotropic phenotype of knockout mice (discussed below) may in part reflect its role in the esterification of substrates other than DG. Second, DGAT enzymes modulate complex physiologic processes far removed from their basic biochemical functions, and perturbing the expression of DGAT enzymes in specific tissues has direct implications for diseases such as obesity, insulin resistance, and liver steatosis. Complementary studies with anti-sense oligonucleotides (ASOs) and small-molecule pharmacologic inhibitors have shed further light on the potential therapeutic benefits of modulating DGAT activity.
Functions of DGAT1 and DGAT2 in energy metabolism
DGAT1 and DGAT2 are important modulators of energy metabolism. Compared with DGAT1 and consistent with its biochemical function in cells, DGAT2 appears to be the dominant DGAT enzyme controlling TG homeostasis in vivo (47) . DGAT2 deficiency in mice is not compatible with life: DGAT2-deficient (Dgat2 2/2 ) mice survive for only a few hours after birth (Fig. 6) . At least two mechanisms contribute to the early mortality. First, DGAT2 deficiency reduces those substrates necessary for energy metabolism. The carcass TG content of Dgat2 2/2 mice was reduced by ?90%, and TGs were nearly absent from Dgat2 2/2 livers. The plasma levels of TG were reduced by 64%, FFA by 80%, and glucose by 60% (47) . These findings highlight the importance of DGAT2 in mammalian TG metabolism and indicate a requirement for DGAT2-mediated TG synthesis in the perinatal period. Second, the barrier function of the skin is defective in the Dgat2 2/2 mice (discussed below), leading to rapid dehydration (47) .
Heterozygous DGAT2 deficiency, at least in a mixed genetic background (C57BL/6 and 129/SvJae), has few detectable effects in mice. Adult Dgat2 1/2 mice are viable, healthy, and physically indistinguishable from their littermates. Their fat pad weights, TG content, plasma TG levels, and susceptibility to diet-induced obesity are all similar to those of wild-type mice (unpublished observations). DGAT2 heterozygosity also do not protect leptin-deficient (ob/ob) mice from obesity (unpublished observations). These findings suggest that reduction of Dgat2 gene expression by 50% is sufficient for normal life, probably owing to its high apparent catalytic efficiency and ability to function at relatively low substrate concentrations. Supporting this idea, DGAT activity measured in vitro is similar in Dgat2 1/2 and wild-type brown adipose tissue (BAT) (47) . Notably, DGAT1 cannot compensate for DGAT2 deficiency in vivo, and primary hepatocytes from Dgat2 2/2 mice have normal DGAT1 expression and can synthesize TG only when exogenous FAs are provided (47) . This finding suggests that substrate concentrations in vivo in Dgat2 2/2 are insufficient to drive TG synthesis through DGAT1.
In contrast, Dgat1 2/2 mice are viable and have a ?50% reduction in adiposity (34, 95) . Interestingly, they maintain a lean phenotype even on a high-fat diet and are resistant to diet-induced obesity (34) (Fig. 7) . DGAT1-heterozygous (Dgat1
) mice on an inbred (C57BL/6) background exhibit partial resistance to diet-induced weight gain, adipose mass accumulation, and adipocyte hypertrophy (unpublished observations), implying that the level of DGAT1 mRNA expression directly correlates with the degree of fat stores in mice. Further, TG levels in Dgat1 2/2 mice are also significantly reduced in nonadipose tissues such as the liver and skeletal muscle following a high-fat diet (97) . Interestingly, the levels of DG and fatty acyl-CoA, two substrates of the DGAT reaction, are not significantly increased in the skeletal muscle and liver of Dgat1 2/2 mice on a chow diet (97) . This may relate to increased FA oxidation in these tissues or to channeling of these substrates into other metabolic pathways.
The protection against obesity in Dgat1 2/2 mice does not result from decreased food intake (Dgat1 2/2 mice eat as much as or more than wild-type mice) or from detectable fat malabsorption (113) . Rather, it correlates with at least two factors: a reduced kinetic rate of TG absorption from the gut and an increased rate of energy expenditure. Dgat1 2/2 mice have slower gastric emptying (unpublished observations), lower chylomicronemia after food intake, and more TG in enterocytes when fed a chronic high-fat diet, suggesting a role for DGAT1 in accelerating assimilation of TG from the diet (114) . This conjecture is supported by recent studies of a potent and specific small-molecule inhibitor of DGAT1 that, when orally administered to mice, decreased the rate at which an oral fat bolus appeared as TG in the serum and also reduced weight gain in response to a high-fat diet (115) . Increased energy expenditure in Dgat1 2/2 mice is multi- 
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at PENN STATE UNIVERSITY, on February 21, 2013 www.jlr.org factorial, with male mice exhibiting increases in physical activity (34) and thermogenesis (97, 113) The increased thermogenesis is probably owing in part to increased expression of uncoupling protein 1, a major mediator of nonshivering thermogenesis, in brown adipose tissue (97, 113) . Although the enhanced use of fuel substrates to drive thermogenesis in Dgat1 2/2 mice protects them from developing obesity, lower levels of substrates may become limiting under conditions of high demand. Indeed, when fasted in a cold environment, Dgat1 2/2 mice develop significant hypothermia, which is associated with the depletion of tissue glycogen stores and hypoglycemia (113) .
Increased sensitivity to leptin may also contribute to the increased energy expenditure seen in DGAT1 deficiency. Dgat1 2/2 mice lose more weight than wild-type mice in response to subcutaneous leptin infusion, consistent with increased leptin sensitivity (97) . DGAT1 deficiency protects against obesity and insulin resistance in Agouti yellow mice, but this protection is lost in ob/ob mice, which lack leptin (97) . An intact leptin signaling pathway may be important. How DGAT1 deficiency enhances sensitivity to leptin is unclear. However, the expression of leptin-responsive genes was increased in adipose tissues, suggesting that the effects are mediated at least in part by peripheral tissues (97) . In contrast, transgenic mice overexpressing Dgat1 in WAT under control of the aP2 promoter on a C57BL6/J background (aP2-Dgat1 mice) have increased body weight, adiposity, and food intake in the face of elevated circulating leptin levels (85) . These mice may be resistant to leptin. The data from mice with altered Dgat1 expression suggest a functional correlation between DGAT1 expression and leptin sensitivity.
Functions of DGAT1 and DGAT2 in glucose metabolism
In addition to enhancing leptin sensitivity, DGAT1 deficiency also enhances insulin sensitivity in mice, as shown by an improved glucose tolerance and an increase in glucose infusion rate during hyperinsulinemic-euglycemic clamp studies (97) . DGAT1 expression appears to have quantitative effects on insulin sensitivity in mice, as demonstrated by an intermediate improvement in insulin and glucose tolerance in Dgat1 1/2 mice (unpublished observations). Insulin-stimulated glucose uptake and the activities of phosphatidylinositol-3 kinase, protein kinase B, and protein kinase C l , three key molecules in the insulin signaling pathway, were increased in skeletal muscle and WAT of Dgat1 2/2 mice (116). Interestingly, in ex vivo studies of insulin-stimulated glucose uptake in skeletal muscle, DGAT1 deficiency exacerbates the detrimental effects of FA inhibition (83) . Although systemic DGAT1 deficiency enhances energy expenditure and improves insulin sensitivity in tissues, DGAT1 deficiency in a specific tissue may promote the toxic effects of lipids on tissue physiology (lipotoxicity).
The mechanism by which DGAT1 deficiency enhances glucose metabolism in mice may also involve an alteration in the endocrine function of the WAT. Increased insulinstimulated signaling and glucose disposal in Dgat1 2/2 mice was observed in wild-type mice that received transplanted WAT from Dgat1 2/2 mice (116, 117). Moreover, Dgat1
2/2
mice have altered circulating levels of several adipocytederived factors, such as decreases in leptin and increases in adiponectin (117) . However, adiponectin is not re- , and Dgat1 2/2 mice fed a high-fat diet (unpublished observations). quired for this phenotype, because the enhanced insulin sensitivity of Dgat1 2/2 mice is maintained in an adiponectindeficient background (118) . How DGAT1 deficiency in mice enhances glucose metabolism through the endocrine effects of the WAT is unknown but of obvious interest from a therapeutic standpoint.
Interestingly, just as whole-body DGAT1 deficiency enhances glucose metabolism, specifically increasing Dgat1 expression in the WAT of mice also appears to improve insulin sensitivity. Transgenic mice overexpressing Dgat1 under control of the aP2 promoter (aP2-Dgat1) and generated on a C57BL6/J background are prone to dietinduced obesity but protected against glucose intolerance and nonadipose tissue steatosis in response to a high-fat diet (117) . Of note, this result was not observed in a similar model of aP2-Dgat1 mice generated in an inbred FVB genetic background (86) . However, these mice had no increase in adiposity or body weight despite the overexpression of Dgat1, and the high-fat diet studies were performed in older mice.
The phenotype of Dgat1 2/2 mice is strikingly similar to that of mice that lack SCD1 (119), an enzyme that catalyzes the synthesis of D9-monounsaturated FA. Shared features include increased energy expenditure, resistance to dietinduced obesity, increased sensitivity to insulin, sebaceous gland atrophy, and hair loss (120) . SCD1 deficiency protects against obesity induced by leptin deficiency (121), whereas DGAT1 deficiency does not (97) . Dgat1 2/2 mice have reduced SCD1 mRNA levels in several tissues (unpublished observations). We speculate that a decrease in SCD1 expression or activity may underlie some of the downstream effects of DGAT1 deficiency on lipid and energy metabolism. This suggests a model in which SCD1 functionally interacts with DGAT1. As noted above, however, a physical interaction with SCD1 has been shown only for DGAT2 (64) .
DGAT enzymes and lipoprotein metabolism
In enterocytes and hepatocytes, DGAT enzymes may also mediate lipoprotein metabolism and regulate the flux of TG throughout the body. How DGAT1 and DGAT2 modulate the transit of dietary fats through the enterocytes into chylomicrons is still not clear. Data are only available for Dgat1 2/2 mice. DGAT1 deficiency in the small intestine does not cause fat malabsorption but does alter processing of dietary fat. Fecal fat and caloric contents are normal in Dgat1 2/2 mice (34), even when the mice are fed a high-fat diet, indicating a quantitatively normal absorption of fat. Furthermore, Dgat1 2/2 enterocytes can assemble chylomicron-sized particles (11) . However, when acutely or chronically challenged with high amounts of dietary fat, lipids accumulate in Dgat1 2/2 enterocytes, and the transit of fat through the enterocytes into the circulation appears to be delayed (114) . Thus, although the precise kinetics of chylomicron secretion in Dgat1 2/2 mice has not been studied, a dietary fat bolus probably empties into the circulation of these mice at a decreased but more sustained rate. This finding was reproduced in mice treated orally with a selective DGAT1 inhibitor (115) 
In the liver, the complex effects of DGAT1 and DGAT2 on TG homeostasis and on the assembly and secretion of VLDL have been studied in cell cultures and animal models. As discussed above, DGAT activities are compartmentalized into an overt fraction and a latent fraction (60) (61) (62) , which may catalyze the synthesis of TG designated, respectively, for storage in lipid droplets or for secretion in nascent lipoproteins. Based on their topology, DGAT1, but not DGAT2, could contribute to the luminal (latent) activity. Overexpression of human DGAT1 in rat hepatoma McA-RH7777 cells decreased apoB degradation, increased cellular TG accumulation, and increased secretion of TG and apoB-containing lipoproteins (122; unpublished observations). When tested in vivo with adenovirus, short-term overexpression of DGAT1, but not DGAT2, in the livers of mice resulted in an increase in ER luminal DGAT activity and hepatic TG secretion (123) . In a different study, in mice studied 4 days after adenoviral infection, overexpression of both DGAT1 and DGAT2 increased cytosolic TG levels in hepatocytes, but did not alter microsomal or VLDL TG levels, suggesting that neither enzyme is involved in determining the rate of TG secretion in VLDL and that factors other than DGAT1 or DGAT2 activity are limiting (81) . Thus, the existing data are mixed concerning whether the overexpression of DGAT1 increases the capacity for TG secretion from the liver.
Studies in transgenic mice confirm that overexpression of either DGAT enzyme can cause TG accumulation in cytosolic lipid droplets in the liver (80) . Interestingly, small increases in DGAT2 mRNA in murine liver were sufficient to promote marked TG accumulation and hepatic steatosis in vivo, whereas relatively larger increases in DGAT1 mRNA levels produced a smaller increase in hepatic TG storage. In agreement with one of the adenovirus studies discussed above, these transgenic mice also did not have increased plasma TG levels (80) .
Although increasing DGAT gene expression transiently or stably in the liver may not alter hepatic TG secretion, the knockdown of DGAT2 mRNA levels in the liver with specific ASO lowered fasting plasma TG levels in mice with diet-induced obesity and reduced the hepatic secretion of VLDL TG and apoB (124, 125) . Whether DGAT1 activity is rate limiting for TG secretion is unknown but could be tested in DGAT1 knockout mice.
DGAT enzymes and lipotoxicity
Obesity is characterized by the storage of excess TG in WAT and is often accompanied by aberrant storage of TG in nonadipose tissues, such as skeletal muscle and liver. In addition to TG, FAs and their metabolites, such as DG and ceramides, can also be elevated in these tissues. The deleterious effects of these FAs on cell survival and signaling pathways, including insulin signaling, have been termed lipotoxicity (as reviewed in Ref. 2) . Altering the expression of DGAT enzymes in cells may modulate the lipotoxic effects of FAs and FA-derived mediators by controlling the degree to which they are esterified and stored in the inert TG pools of cells.
Monounsaturated oleic acid is efficiently taken up and stored as TG by cultured cells (126) . In comparison, saturated palmitic acid is poorly incorporated into TG and is toxic to multiple cell types in culture (126) (127) (128) . Interestingly, murine embryonic fibroblasts lacking DGAT1 can incorporate oleate into TG-containing lipid droplets and, when treated with oleate, are prone to cell death (126) . These data suggest that the storage of FA within TG is key to cell survival and that DGAT1 protects cells against the toxic effects of FA.
The overexpression of DGAT1 in WAT appears to protect against lipotoxicity in nonadipose tissues. aP2-Dgat1 transgenic mice with a C57BL/6 genetic background have increased deposition of TG in the WAT, but reduced TG in nonadipose tissues in association with protection against developing glucose intolerance when fed a high-fat diet (85) . Another line of aP2-Dgat1 transgenic mice (FVB genetic background) did not develop obesity or increased TG storage in the WAT and was consequently not protected against hepatic steatosis when fed a high-fat diet (86) . The protective effects correlate with the sequestering of TG in WAT. The levels of Dgat2 (96, 129) and Dgat1 (129) mRNA and total DGAT activity (129) in the WAT were increased in two different rodent models of dietinduced obesity, suggesting that DGAT enzymes may be involved in the adaptation of WAT to chronically elevated dietary fat content.
Does lowering DGAT activity in the liver protect against or promote lipotoxicity? The role of DGAT enzymes in the development of diet-induced hepatic steatosis, fibrosis, tissue damage, and impaired glucose tolerance has been studied by using an ASO directed against either DGAT1 or DGAT2 (124, 130, 131) . Short-term reduction of Dgat2 mRNA levels by ASO treatment reduced hepatic steatosis and TG content in ob/ob mice (124) and in both mice (124) and rats (130) fed a high-fat diet. These effects were not found with ASO against Dgat1 (130). Decreased hepatic TG content in DGAT2-ASO treated rats was paradoxically associated with reduced levels of DG and lysophosphatidic acid and of lipogenic gene expression (SREBP1c, ACC1, SCD1, mtGPAT) (130) . Interestingly, these rats had increased hepatic insulin signaling and expression of oxidative genes. These findings were corroborated in vitro. DGAT2-ASO treatment increases FA oxidation rates in primary murine hepatocytes (124) . Thus, short-term reduction of Dgat2 expression in the liver protects against hepatic steatosis and lipotoxic alterations in insulin sensitivity, suggesting that this strategy may be beneficial in human obesity.
Long-term DGAT2-ASO treatment also protected against hepatic steatosis in mice chronically fed a methionine/ choline-deficient diet. However, this protection was associated with increased hepatic levels of free FA, markers of oxidant stress, fibrosis, and hepatocyte necrosis (131) . This finding dissociates chronic steatohepatitis and consequent fibrosis from hepatic TG accumulation per se and suggests that DGAT2 activity in the liver is necessary to prevent the lipotoxic consequences of a chronically fatty liver.
Accumulation of lipids in tissues such as liver and skeletal muscle clearly can be associated with insulin resistance. But does DGAT overexpression in these tissues promote such lipotoxicity? Transgenic mice with increased expression of DGAT2 in the liver had hepatic steatosis with increased content of TG, DG, ceramides, and long-chain fatty acyl-CoA (80), but not insulin resistance. Similar findings were reported in mice overexpressing DGAT1 in the liver (81) . These data indicate that DGAT-mediated lipid accumulation in the liver does not cause insulin resistance and that hepatic steatosis per se is not always sufficient to cause insulin resistance, which has been validated in other animal models. Rather, an augmented capacity to synthesize and store TG in hepatocytes may protect against lipotoxic metabolic abnormalities associated with hepatic steatosis.
In skeletal muscle, the effects of DGAT overexpression appear to differ, depending on which enzyme is involved. For example, DGAT1 overexpression in skeletal muscle by electroporation promoted a striking increase in dietinduced intramyocellular lipid storage (84), a finding that was corroborated in transgenic mice overexpressing DGAT1 in skeletal muscle [MCK-Dgat1 (83)]. However, increased myocellular TG in MCK-Dgat1 mice was associated with reduced levels of DG and ceramides and with improved total body glucose tolerance and insulin signaling in isolated skeletal muscle specimens (83) . Interestingly, exercise training increases intramyocellular lipid storage, particularly in oxidative (type I) skeletal muscle, and increases DGAT1 activity (84) . Thus, DGAT1 may be partly responsible for the "exercise paradox" (i.e., enhanced insulin sensitivity with increased TG in the type I skeletal muscles of people who exercise). In this case, DGAT1 may protect against lipotoxicity in skeletal muscle.
This appears not to be the case for DGAT2, at least when it is overexpressed in glycolytic (type II) skeletal muscle. In transgenic mice, increased expression of human DGAT2 primarily in type II skeletal muscle increases the TG content of this muscle type in association with reduced DG and increased ceramide and long-chain fatty acyl-CoA levels (82) . When young, these mice had decreased insulin signaling and glucose uptake in isolated muscle and had impaired whole-body glucose and insulin tolerance (82) . These studies suggest that more DGAT1 in type I muscle does not lead to lipotoxicity and may even be protective, but more DGAT2 in type II muscle can induce lipotoxicity.
DGAT enzymes and inflammation
Because DGAT enzymes esterify fatty acyl moieties and may help protect cells against toxicity from excess FA, these enzymes may modulate the inflammatory effects of FA. For example, transgenic MCK-Dgat1 mice fed a high-fat diet had reduced phosphorylation of JNK1 (p-JNK), a key component of inflammatory activation, in skeletal muscle, suggesting that increased Dgat1 expres-sion may protect against inflammation in muscle (83). A similar protective effect was observed with liver-specific overexpression of DGAT2, which induced hepatic steatosis without inducing p-JNK and p-NFkB as it does in mice with steatosis induced by a high-fat diet (80) . Conversely, chronic suppression of Dgat2 expression in mice by a DGAT2-specific ASO increases circulating levels of ALT, a marker of hepatic inflammation, when hepatic steatosis is induced by a methionine-choline-deficient diet (131) . Thus, DGAT expression can modulate the inflammatory response to FAs and their toxic metabolites.
DGAT enzymes and tissue development
Beyond its role in energy and glucose metabolism, DGAT1 may have additional functions. Its deficiency affects developmental processes in tissues, such as hair growth in the skin and lactation in mammary glands. Dgat1 2/2 mice have dry fur and lose hair after puberty (55) . These abnormalities are associated with atrophic sebaceous glands and the absence of wax diesters, a major species of fur lipids in rodents. As a result, water repulsion and thermoregulation after water immersion are impaired in Dgat1 2/2 mice (55). Instead of producing milk low in fat, female Dgat1 2/2 mice do not lactate (34) . They have atrophic mammary epithelia resulting from defects in both glandular proliferation and differentiation (132) . These skin and mammary gland abnormalities are not observed in Dgat1 1/2 mice, suggesting that the mechanisms involved are different than those for energy and glucose metabolism.
The skin and mammary gland phenotypes of Dgat1 2/2 mice may relate to DGAT1ʼs different acyltransferase activities. The wax diester synthase activity of DGAT1 may underlie the missing fur lipids in DGAT1-deficient mice (25, 55) , and the ARAT activity of DGAT1 may contribute to the hair phenotype of Dgat1 2/2 mice. Retinol is the precursor for retinoic acids (all-trans and its isomer 9-cis retinoic acid), which are ligands for the nuclear hormone receptors retinoic acid receptor and retinoid-X receptor (133) (134) (135) . Retinoids affect sebaceous gland function (136, 137) , hair growth (138) , and proliferation of mammary gland epithelial cells (139, 140) , all of which are part of the phenotypic changes observed in Dgat1 2/2 mice (34, 55, 132) . Whether the ARAT activity of DGAT1 is important in the skin remains to be determined.
DGAT2 also plays an important role in the skin, and Dgat2 2/2 mice exhibit severe skin abnormalities (Fig. 6A ). The skin of newborn Dgat2 2/2 mice is shiny, lacks elasticity, and exhibits increased transepidermal water loss, which leads to rapid dehydration (47) . These phenotypes strikingly resemble those of oed mutant mice (141) . The oed mutation arose spontaneously and has an autosomal recessive mode of inheritance. Interestingly, like Dgat2 2/2 mice, homozygous oed mice had markedly reduced totalbody TG levels and died soon after birth, while heterozygous mice did not have distinct phenotypes (141) . It is unknown whether the underlying mutation in oed mice was in DGAT2 or a related protein, and the mice are no longer available. In Dgat2 2/2 mice, the increased water loss was associated with reduced levels of the lipid acylceramide in the skin. Acylceramide is believed to be essential for maintaining the permeability barrier in the skin, and its synthesis requires linoleic acid, an essential FA. Dgat2 2/2 mice are deficient in this essential FA, and this probably contributes to a 60% reduction in their skin acylceramide levels. Skin grafting experiments suggest that the skin defects in Dgat2 2/2 mice result, at least in part, from a systemic lack of DGAT2 rather than a loss of DGAT2 specifically in the skin (47) . Interestingly, mice deficient in SCD2 exhibit a skin phenotype similar to that of Dgat2 2/2 mice during the neonatal period (?30% of Scd2 2/2 mice survive to adulthood) (142) . These findings suggest that SCD2 may provide DGAT2 with monounsaturated FA required for maintaining normal epidermal permeability and for lipid biosynthesis during early skin development. In addition to DGAT2 and SCD2, mice deficient in other genes involved in lipid metabolism, such as ACAT1 and FA transport protein 4 (143-145), also exhibit skin defects, highlighting the importance of lipid metabolism for skin functions and the potential toxicity of unmetabolized lipid substrates.
DGAT ENZYMES IN HUMANS
In humans, DGAT1 and DGAT2 are generally expressed in tissues similar to those in mice (22, 36) . Humans with DGAT deficiency have not been identified, nor have coding sequence mutants for DGAT1 or DGAT2 been reported to cause genetic diseases. Homozygosity for deficiency alleles for either enzyme may be selected against: in mice, female mice homozygous for DGAT1 deficiency cannot lactate (34) , and mice homozygous for DGAT2 deficiency die in the early postnatal period (47) .
Because the level of DGAT1 expression modulates adiposity in inbred mice, alterations in DGAT1 expression might affect body mass in humans. Several common sequence polymorphisms are present in the 5′ noncoding sequences of the DGAT1 gene (89) . One of these polymorphisms, C79T, affects promoter activity in cultured cells and has been associated with alterations in body mass index, diastolic blood pressure, and HDL cholesterol levels in Turkish women (89). However, this polymorphism was not associated with increased body mass index or with obesity in a French population that included obese adults and children (146) . Thus, this relatively common polymorphism may have a rather small phenotypic effect.
Human DGAT2 is located on chromosome 11q13, a region that was linked to obesity in a genome-wide association study (147, 148) . In a subsequent study, several DGAT2 variants were identified in a similar population of obese adolescents (149) . However, no association between these polymorphisms and obesity phenotypes was found in case-control and family-based association studies involving several hundred subjects (149) . Therefore, it remains to be determined whether expression of either enzyme modulates human adiposity.
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DGAT INHIBITORS
TG synthesis plays important roles in many biological processes involving storage and transport of energy and FA substrates. It is indeed essential for life in mammals, as demonstrated in mice lacking DGAT2. However, the potentially beneficial effects of DGAT1 deficiency on energy and glucose metabolism have generated considerable interest in DGAT1 inhibition as a potential therapy for obesity and diabetes in humans. Insights into the prospects of DGAT1 inhibition from DGAT1-deficient mice were recently reviewed in detail (150) . Natural and synthetic inhibitors of DGAT1 are being developed (as reviewed in Ref. 151 ). Numerous agents have been reported to inhibit DGAT activity, including a variety of substances isolated from microorganisms (152) (153) (154) (155) (156) and fish oils (157) , but it is unclear whether these agents inhibit one or both DGAT enzymes. Recently, a selective smallmolecule inhibitor of DGAT1 was reported to reduce weight gain and hepatic TG when administered to mice fed a high-fat diet (115) . These findings indicate that pharmacologic inhibition of DGAT1 may have metabolic effects similar to those seen with inactivation of its gene in mice, raising the promise of DGAT1 inhibitors for the treatment of obesity, hepatic steatosis, and possibly diabetes mellitus. Another potential use of DGAT1 inhibitors is as a topical treatment for acne vulgaris, because DGAT1 deficiency causes atrophy of sebaceous glands (25, 55) .
DGAT1 has a broad tissue expression pattern and possible physiological functions beyond those involving TG synthesis. Thus, inhibition of DGAT1 could lead to detrimental effects, as suggested by the altered retinol metabolism, skin abnormalities, and defects in mammary gland development in DGAT1-deficient mice. Interestingly, in these mice, the beneficial effects on energy balance and glucose metabolism were seen with heterozygous deficiency, whereas the abnormalities in skin and mammary glands were only observed in the absence of DGAT1. Thus, it may be possible to pharmacologically inhibit DGAT1 sufficiently to yield beneficial metabolic effects without causing the adverse effects of complete deficiency.
Inhibiting DGAT2 as a therapy for metabolic diseases may prove to be more challenging, because DGAT2 deficiency is not compatible with life. However, recent studies suggest that this strategy may be promising. Niacin, which can pharmacologically raise levels of HDL and decrease levels of plasma TG and LDL, apparently inhibits DGAT2, but not DGAT1 in in vitro assays (63) . Also, inhibiting hepatic DGAT2 with ASO had the desirable effects of decreasing plasma TG levels and insulin resistance induced by a high-fat diet (125, 130) . Thus, inhibiting DGAT2, particularly in tissues such as the liver, may be beneficial.
DGAT ENZYMES IN OTHER ORGANISMS
Genes encoding DGAT enzymes have been identified in many other species, including Arabidopsis thaliana, Drosophila melanogaster, and most mammalian species. In plants, DGAT1 and DGAT2 orthologs occur in several tissues, including leaf, flower, and seeds (57) , and are important for seed oil production (158, 159) . For example, an ethyl methan sulfonate-induced mutation resulting in an 81 bp insertion of exon 2 in the A. thaliana DGAT1 reduces seed oil and delays seed maturation (160) . Recently, a high-oil quantitative trait locus, determining the content and composition of maize seed oil, was attributed to a mutation in DGAT1 (161) . A phenylalanine insertion (F469) increases seed oil and oleic acid content. This phenylalanine is conserved in most plant DGAT1 sequences and was probably deleted in some strains of maize during domestication or breeding (161) .
Likewise, DGAT2 may mediate the content and composition of seed oils in some species. In tung trees, which are important for industry because they produce large quantities of TG and a high percentage (80%) of the unusual eleostearic acid, both enzymes are expressed in various organs (57) , but only DGAT2 is highly induced during seed development at the onset of TG synthesis and preferentially catalyzes synthesis of trieleostearin, the main component of tung oil (57) . Increased DGAT2 expression increases oil content in transgenic oilseed crops, including soybean (162, 163) .
Both enzymes occur in flies, and a strain of D. melanogaster with a mutant DGAT1 gene has been described (164) . This mutant, called midway, exhibits premature nurse cell death in eggs, indicating an essential role for the DGAT1 gene in fly egg development.
In cows, variations at the DGAT1 locus are emerging as important regulators of milk fat content. Polymorphisms in both the coding and noncoding sequences of DGAT1 have been linked to milk fat content (52, (165) (166) (167) (168) (169) (170) (171) and possibly to muscle fat content (172) . The best-characterized polymorphism, K232A, occurs at a lysine of DGAT1 that is conserved across other mammalian DGAT1 proteins and has been consistently linked to milk production traits. In in vitro assays, the K allele was associated with a 1.5-fold higher V max than the A allele for bovine DGAT1 expressed in insect cells, supporting its effect on increasing milk fat content (167) .
FUTURE RESEARCH
With the cloning of genes for DGAT1 and DGAT2, considerable progress has been made toward an understanding of the molecular processes involved in TG biosynthesis and how these processes relate to physiology, metabolism, and disease. Nonetheless, important areas of investigation remain. How does the biochemistry of DGAT enzymes differ, including the molecular mechanisms of their catalytic reactions? How do the two enzymes relate to different aspects of TG metabolism in cells? How do the two enzymes differ with respect to their regulation and binding partners? Do other mammalian DGAT enzymes exist? Insights into the molecular structure of the enzymes would greatly enhance our understanding of how the enzymes work and would provide a fascinating comparison of ap-parently unrelated enzymes that catalyze the same reaction. We can expect the next decade to considerably advance our understanding of how these enzymes function in the fundamental processes of energy storage and utilization in living organisms. Currently, research in mammals is focused on exploring ways to block DGAT enzymes to limit TG and energy storage. Other studies are attempting to utilize DGAT enzymes to engineer organisms to increase the production of oils for food consumption and for biofuels. The molecular age of DGAT investigation has begun and promises many more basic biological insights as well as breakthroughs in therapeutic applications.
